Most efforts to characterize sequence variation of H N isolates has been directed toward the structural envelope gene. Few studies have evaluated the sequence variability of auxiliary genes such as nef. In this study 41 new HN-1 strains, representing the majority of the described envelope subtypes of HIV-1 (A to H), were genetically characterized in the nef region. Phylogenetic analysis showed that 34 strains could be classified in the same subtype in nef and env, and 7 (19%) of the 41 new viruses were recombinants. For two of the seven strains, recombination occurred upstream of the nef gene, whereas for five of the seven strains recombination occurred within the nef gene with a crossover close to the 5' end of the LTR (long terminal repeat). The low intersubtype distance between subtype B and D in the nefgene confirms previous observations in thepol, env, and gag genes, which suggest a common ancestor for these subtypes. The majority of all the previously described functional domains in the nef gene were relatively conserved among the different subtypes, with only minor differences being observed. The myristoylation signal among the different subtypes, with only minor differences being observed. The myristoylation signal was less conserved for subtype C, with one or more amino acid changes being observed at positions 3,4, and 5. The highly conserved acidic region (positions 62 to 65), critical for the enhancement of viral synthesis with an increased virus growth rate, was less conserved among the subtype G strains from our study. At least three epitopic regions of the nef gene have been defined and each can be recognized by CTLs under a variety of HLA restrictions; all were also relatively well conserved between the different genetic subtypes. Despite the relatively important genetic variation in nef sequences obtained among the different genetic subtypes, functional domains and CTL epitopes were relatively well conserved. In vitro and/or in vivo studies are necessary to study the relevance of the observed differences.
mon source of the infections, were all found to harbor nef-defective viruses. These individuals showed no progression to AIDS after 10 to 14 years of infection and, like rhesus macaques infected with nefdefective mutants of SIV, have maintained low viral loads and normal CD4 counts? In addition, animals immunized with a similar construct can be protected when challenged with a wild-type pathogenic SIV, and reversion of these nef mutants in vivo results in regain of high virus load and rapid disease progression?t4 These results demonstrate that viral defects can be responsible for, or at least can contribute to, the absence of disease progression in SIV-infected rhesus monkeys and HIV-I-infected humans. On the other hand, some studies do not support a strict correlation between the structure or the function of thte nef gene and rates of disease progre~sion.~.~ Nef is a myristoylated, membrane-associated protein, and is one of the earliest viral gene products expressed in newly infected target cells. Although Nef is clearly important for viral replication in vivo, it has been difficult to detennine the basis for this. Several claims have been made on the function of the nef gene product, many of which have been disputed or unconfirmed, and yet the precise role of Nef has not been completely clarified. However, several consistent consequences of Nef expression have been defined; enhancement of viral replication, downregulation of cell surface CD4 and HLA class I molecules, and signal transduction in celk7-l3
Multiple HLA-restricted cytotoxic T lymphocyte (CTL) epitopes have been identified in Nef, and CTLs targeted against these epitopes have been postulated to play a role in protection from infection in HIV-exposed subject^.'^^^^ Nevertheless, impaired CTL recopition due to genetic variations in the main immunogenic region of the HIV-1 Nef protein has been observed.16*17
The genetic variability of HIV-1 is a major challenge in the development of a globally effective vaccine. With the characterization of many isolates of HIV from Africa and from other regions of the world, numerous genetic subtypes of the virus have been identified. 18 Phylogenetic analysis revealed two groups of HW-1 isolates: group M, the major group with at least 10 different genetic subtypes (A-J), and group 0. 19 Analyses of subgenomic as well as full-length HIV-1 sequences identified a surprising number of HIV-1 strains that clustered in different subtypes in different parts of their All 
MATERIALS AND METHODS

Virus strains
Forty-one new HIV-1 viruses, representing different genetic subtypes in the envelope region, were studied: 5 A, 4 B, 18 C, 3 E, 4 F, 5 G, and 2 H. The samples were collected from various geographic locales or were obtained from patients living in France but who became infected with HIV-1 after overseas employment as previously described.25 Table 1 summarizes the origin and the env subtype of the various samples tested. The genetic subtype of the envelope region was determined by the heteroduplex mobility assay (HMA) as described by Delwart et andlor by sequencing of the C2V3 region of the envelope as previously described. 25 Amplification and sequencing of the nef gene DNA was extracted from primary or cultured peripheral blood mononuclear cells (PBMCs) by using the IsoQuick DNA extraction kit (Microprobe, Garden Cove, CA). A nested polymerase chain reaction (PCR) was done to amplify a 770-bp fragment containing the entire nef gene, using the following primers, which were previously described in a study of nef genes from subtype E-infected patients in Thailand": outer primers outer-5-le (5' GTGCCTCTTCAGCTACCACCG) and outer-3-3e (5' AGCATCTGAGGGTTAGCCACT) and inner primers inner-5-le (5' TGGACAGAYAGGGTTATAGAA) and inner-3-7e (5' CACCTCCCCTGGAAAGTCCCC). The PCR reaction mixture contained a 0.2 mM concentration of each deoxynucleoside triphosphate, 1.5 mM MgC12,50 mM KCI, 10 mM Tris-HC1 (pH 9.0), 0.1% Triton X-100,2.5 U of Taq polymerase (Promega, Madison, WI), and 25 pmol of each primer.
The two amplification rounds were identical, with an initial denaturation step at 92°C for 5 min, followed by 27 cycles of 94°C for 45 sec, 55°C for 30 sec, and 72°C for 1 min 30 sec and a final extension of 5 min at 12°C. Nucleotide sequences were obtained by direct sequencing of the PCR products. The ampliied DNA was purified, after separation of the bands on low-melting-point agarose gels, by the use of the Wizard DNA clean-up system (Promega). Cycle sequencing by the dye-terminator method with an automated DNA sequencer (model 373 Stretch; Applied Biosystems, Foster City, CA) was performed as recommended by the manufacturer. 
Phylogenetic analysis
Nucleotide sequences were aligned using CLUSTAL W28 with minor manual adjustments, bearing in mind the protein se- 
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Abbreviations: CAR, Central African Republic; DRC, Democratic Republic of Congo (formerly Zaire); U, unknown subtype.
quences. Phylogenetic trees, created using the neighbor-joining method, and reliability of the branching orders, determined using the bootstrap approach, were implemented by using CLUSTAL W. nucleotides; and by informative site analysis?l For the informative site analysis each putative recombinant sequence was aligned with the reference sequences. For RIP analysis, a consensus sequence for each subtype was derived from the viral epidemiology signature pattem analysis (VESPA) analysis?' using only those strains for which the subtype designation in nef was unambiguous.
RESULTS
ious nef sequences from our study and with representatives of the different subtypes from the database.
Thirty-five of the 41 new HLV-1 strains studied clustered with high bootstrap values with reference strains from the database and were classified as follows: 3 A, 5 B, 15 C, 3 E, 3 F, 4 G, and 2 H (Fig. 1 ). The ML136 strain, which has a deletion of 66 nucleotides, was excluded from the phylogenetic analy-
I
Phylogenetic analysis of nef n e nefsequences analyzed in this study encompass the entire coding region of the nef gene, which is approximately 618 bp. Figure 1 In addition, two nefsequences from the database, 2321 and MAL,, both isolated from patients originating from the Democratic Republic of Congo (formerly Zaire), did not cluster with any of the known subtypes. The 2321 strain, which is a recombinant virus (gag G and env A)P3 is close to subtype E in neJ and the MAL strain, an A/D/I recombinantFO could not be classified at all.
All the strains with discordant subtypes between the env and the nef regions, and those that were only distantly related to a particular subtype in the phylogenetic tree, were further analyzed for recombination by RIP. This analysis showed that for two strains the recombination site is upstream of nef: the MP3 strain (env C) was entirely B in the nef region, and for the MP535 strain (env F) the entire nef gene sequence could not be classified. For the remaining samples, RIP analysis, followed by phylogenetic tree and informative site analysis, revealed that they were recombinant within the nef gene (Fig. 2) . Two env subtype C strains, MP116 and LBVIO-5, were identified as U (unknown)/G and F/A recombinants, respectively, in the nef gene. The MP116 strain forms a separate cluster together with the IBNG reference strain in the phylogenetic tree from the entire nefgene, and RIP analysis of these latter strains showed that MP116 and IBNG had a similar recombination pattern in nef. The env subtype A strains MP33 and MP117 did not belong to any of the known subtypes in the 5' part of the nef gene, but belonged to subtype E in the 3' part. This latter was supported with high bootstrap values in the phylogenetic tree of the corresponding region. The VI526 strain, which was distantly related to subtype G (Fig. 1) , appeared to be a recombinant WG virus. RIP analysis of the reference strains MAL and 2321
showed recombinant A/U and GE viruses. All subtype E strains were in the nef gene as previously described for the reference subtype E strains, i.e., close to subtype A in the 5' end and to subtype E in the 3' end.
Inter-and intragenetic distances in nef
The genetic distances, calculated by the Kimura two-parameter method, are shown in Table 2 . The strains that were recombinant in the nef gene, except for subtype E, were excluded from the inter-and intrasubtype distance calculations. Within =In percent.
bDistances were calculated using the same nonrecombinant nefsequences used to construct the phylogenetic tree in Fig. 1 
Pattern of amino acid conservation among Nef sequences
The 41 predicted amino acid Nef sequences were aligned, together with 21 reference sequences from the database, with a consensus Nef sequence derived from 52 sequences (14 French patients, 2-8 clones per patient) from subtype B-infected patients in France (S. Saragosti and I. Couillin, unpublished results, 1997). The consensus signature amino acids of each subtype, obtained using the VESPA with a threshold of 0.80, and the consensus amino acid sequence from the French B isolates, are represented in Figure 3 . We examined sequences for the presence of domains that have been shown to contain important biological characteristics. The positions of the amino acids correspond to the LAI sequence. The myristoylation signal (GGKWSK), residues 2 to 7, is relatively conserved among the different genetic subtypes. The glycine at position 2, the serine at position 6, and the lysine at position 7 were conserved in all of the strains analyzed. Within the myristoylation signal the highest variation was seen among subtype C samples, with 12 of the 15 samples showing 1 or more amino acid changes at positions 3 and/or 4 and/or 5. Strain ML136, identified as subtype G in the envelope and nefregion, shows an important deletion of 22 amino acids as compared with the consensus B sequences, starting immediately after lhe myristoylation signal, while two other strains (ZR21 and ZR23) as well as 2321 show a small deletion (2-4 amino acids). Interestingly, these three strains originate from the Democratic Republic of Congo (formerly Zaire), and the 2321 (collected in 1976) and ZR21 (collected in 1996) strains have the same deletion. The myristoylation signal is followed by a region of extensive variability and polymorphism compared with other regions of the Nef sequence. However, the previously described, highly conserved glycine or glutamic acid at position 12 was conserved among all the strains; 59 had glycine and 2 had glutamic acid at this position. The highly conserved tryptophan at position 13 was conserved in 57 of the 61 strains from our alignment; 2 strains (IKCSW22 and C-92BR025) had an arginine at this position, strain ZR21 had a cysteine at this position, and this region is deleted in the ML136 strain. The methionine at position 20, which has been shown to serve as a site for intemal initiation, was observed only in 27 of the 61 strains; it was present in all of the subtype B strains. This methionine was replaced by isoleucine in 23 strains and by a leucine in the LBV-105 strain. The potential recognition site for phosphorylation (RPM-TYK) at positions 77 to 82 is highly conserved among the different subtypes. In particular, the RPM-K amino acid motif was present in all of the aligned sequences, whereas the threonine (T) was replaced by serine (S) in four strains and the tyrosine (Y) was replaced by phenylalanine (F) in nine strains.
The acidic region, mainly composed of glutamic acid residues and located at positions 62 to 66, was less conserved among subtype G strains. In subtype G strains, only two of the four glutamic acid molecules were present; one was replaced by aspartic acid and one by serine. The (PXXP)3 motif at positions 69 to 78 was highly conserved. The first three amino acids from the GPG(W) pattern at positions 130 to 133, which is highly predictive of a p tum, is conserved in all of the strains, whereas the fourth amino acid was always hydrophobic: isoleucine for 22 samples and valine for 20 samples (including almost all of the subtype C strains), and threonine in 14 samples. All of the subtype E strains had a deletion of two amino acids at positions 48-49, and this deletion was also observed in the few E sequences from the database34 and MP20. In addition, in all subtype E samples a cysteine (C) was present at position 138; this cysteine was also present in the recombinant nefstrains MP33, MP117, and 2321, which belonged to subtype E in that part of the nef gene. In addition, the C-terminal cysteine is missing in all subtype F sequences.
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DISCUSSION
Most efforts to characterize sequence variation of HIV isolates has been directed toward the structural envelope gene. Few studies have evaluated the sequence variability of auxiliary genes such as nef. In this study 41 new HIV-1 strains, representing the majority of the described envelope subtypes of HIV-1 (A to H), were genetically characterized in the nef region. Phylogenetic analysis showed that 34 strains could be classified in the same subtype in nef and env (this was supported by high bootstrap values), and 7 (19%) of the 41 new viruses were recombinants. This c o n f i s data from previous reports that have shown that 10 to 30% of the HIV-1 sequences contained interspersed segments of the genetic material from two or more different genetic For two of the seven strains, recombination occurred upstream of the nef gene, whereas more detailed analysis showed that for five of the seven strains recombination occurred within the nef gene with a crossover close to the 5' end of the 3' long terminal repeat (LTR). In addition to these seven recombinant strains, all of the E strains from our study, which originate from Cambodia, clustered together with previouslly described E strains from Thailand in the nef gene.23.z7 All of these reference strains are known to be recombinant in the nef gene, with the 5' end close to subtype A and the second part of the nef gene, which overlaps with the LTR, belonging to subtype E. 23 Phylogenetic analysis and calculation of the distances between the different strains from our study show a relatively important genetic variability in neJ with a mean intersubtype variation of 20.4% and an intrasubtype variation of 9.6%. It is interesting to note the low intersubtype distance between subtypes B and D in the nef gene. This c o n f i s previous observations of subtype B and D strains in the pol, env, and gag genes, suggesting a common ancestor for these
The purpose of this study was also to determine to what extent functionally important domains of the nef gene are conserved among different subtypes. Conservation of the myristoylation signal was expected since the subcellular targeting of Nef proteins to cytoplasmic membranes depends on the presence of an intact myristoylation signal. The amino acid sequence encoding the myristoylation signal was almost invariant among our HIV-1 Nef protein sequences, except for subtype C. The functional implications of these differences among subtype C strains must be further examined.
The methionine at position 20, which has been shown to serve as a site for internal initiation, resulting in a nonmyristoylated and truncated 25-kDa Nef protein rather than the fulllength 27-kDa Nef p r~t e i n ?~*~* was conserved in all of the subtype B strains, but in the majority of the other subtype Nef sequences it was replaced by isoleucine. The absence of this methionine was also described for SIV Nef sequences." Almost all of the Nef sequences contained the highly conserved sequence RPMTYK at positions 77 to 82, which is a potential recognition site for phosphorylation by protein kinase (2.39 The highly conserved acidic region, located at positions 62 to 65 and critical for the enhancement of viral synthesis,"0 was less conserved among the subtype G strains from our study; the implications for viral growth, however, must be further studied in vitro andor in vivo.
The proline-rich region, containing the motif (PXXP), at positions 69 to 78, was highly conserved among all of the Nef sequences from our study. This repeat was also highly conserved among Nef sequences from SIV and HIV-2 isolates. Intact Nef PXXP motifs are dispensable for Nef-induced CD4 downregulation, but are required for the higher in vitro replicative potential of Neff viruses. Thus, CD4 downregulation and promotion of viral growth are two distinct functions of Nef, and the latter is mediated via SH3 binding?l Although the significance of this repeat sequence is not entirely understood, it is known to correspond to a region recognized by CTLs.
The highly conserved GPG(W) sequence located at positions 130 to 132, which is highly predictive of a p turn, was observed among all of the subtypes studied.
Zazopoulos and H a~e l t i n e~~ have shown that under nonreducing conditions, alternative pairing of the cysteines occurs and that differences in the observed biological activity of nef alleles may be attributed, at least in part, to differences in the secondary structure of the proteins. Interestingly, all subtype E Nef proteins have an extra cysteine that could play a role in the biological activity of these isolates by inducing a different folding of the protein, as well as a small deleti0n.2~ It has been suggested that the presence of this cysteine may attenuate Nef funct i~n~~ in a long-term nonprogressor (LTNP, patient SurXi) 'as well as in African green monkeys, in which no known disease is associated with this virus in the wild. However, the presence of a cysteine at this position in LTSs as well as in rapid-replicating viruses invalidated this hyp~thesis?~ Interestingly, to the best of our knowledge, the Sur25 Nef sequence is the only non-E sequence (subtype B) that has the two subtype E signatures (Cys-138 and the two-amino acid deletion at position [47] [48] , while the Nef sequences described by Blaak et al?3 for LTNP and rapid progressors have only the Cys-138 signature.
HIV-1 viruses possessing deletions in the Nef-coding sequence and the U3 region of the LTR were associated with longterm nonprogression.1.2 In our study, only one strain (ML136) sh'owed an important deletion in the nef gene, i.e., that portion encoding 22 amino acids just after the myristoylation site. No detailed clinical information was available on this patient, but in contrast to the nef deletion described in LT", the deletion we observed was in the 5' part of the nef gene and not in the 3' part corresponding to the 3' L T R . ' S~*~ Individuals infected with HIV-1 generate a great diversity of CTLs, which are directed against several structural and regulatory proteins. The rapid elimination of infected cells by CTLs directed against proteins synthesized early in infection is an important defense against viral infection. CTLs directed against the early-expressed Nef protein of HIV could therefore provide protection in vivo by eliminating virus-infected cells before there is substantial increase in viral replication. Therefore a vaccine should elicit a broadly reactive CTL response. The previously described CTL epitopes encoded in the nef region seem relatively conserved among the various genetic subtypes. This is probably because they overlap with some important and conserved functional domains in the nef gene. Several amino acid substitutions were observed, but no pattern specific to a certain subtype could be identified. Some studies report a lack of CTL recognition owing to mutations in the main immunogeneic region of the Nef protein, and there is clear evidence that CTLs exert selection pressure on the viral population, during and after seroconversion. HIV-1 variants in Nef CTL epitopes were selected and were less or not all recognized by CTLs.17 Frequently, single or double mutations found in natural epitopes are well tolerated and peptides bearing these substitutions could ' HIV-1 GROUP M Nef SUBTYPES stimulate generation of CTL clones that had initially responded to the wild-type form, although sometimes with reduced potency. Indeed, some studies report cross-clade recognition of CTLs directed against Gag and Env proteins, and emphasize the importance of including some of the more conserved proteins in vaccine constructs?547
Although the correlates of immune protection in HIV-1 infection are not known, the induction of CTL responses in addition to neutralizing antibodies would be an important component of an effective vaccine. However, the role of CTLs could be weakened by Nef activity. Indeed, CTLs lyse virus-infected cells that display viral peptide epitopes in association with major histocompatibility complex (MHC) class I molecules on the cell surface. Nef, by downmodulating surface expression of MHC class I molecules in infected cells, reduces epitope density on their surface, impairing lysis by cytotoxic T lymphoc y t e~?~~~~
In conclusion, we observed a relatively important genetic variation among nef sequences of various genetic subtypes. About 20% of the strains studied were recombinants, with either a crossover point upstream of the nef gene, or a crossover point around the 5' end of the 3' LTR-overlapping fragment. Despite the important genetic variation, the majority of all of the previously described functional domains in the nef gene were relatively conserved among the different subtypes; only minor differences were observed. Ia vitro and/or in vivo studies are necessary to determine their relevance.
